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Abstract 
Evacuation models considering microscopic movement characteristics are efficient and helpful for designing safe evacuation facilities, 
while crucial parameters adopted in the models are important and valuable for calibrating or improving the evacuation models. In this 
paper, the method and technology for executing and analyzing two crucial controlled experiments, single-file experiment and bottleneck 
experiment, are reviewed in detail. Based on the observation and some typical characteristics of the single-file experiment, a one 
dimensional continuous distance model (CDM) was proposed in our previous work and in this study it is improved by introducing the 
desired walking direction so as to describe the two-dimensional bottleneck movement. Experiment results such as velocity, lateral sway, 
step frequency vs. distance headway, velocity vs. distance headway, flow, and lane formation are analyzed. In particular, the mode of lane 
formation is discussed and the critical widths for lane formation are obtained. Comparison between simulation and experiment shows the 
CDM and its improved version can describe the pedestrian movement very well. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction 
Many evacuation models have been proposed in the past 10 to 20 years, e.g., the social force model [1, 2], cellular 
automaton model and lattice-gas model [3-5], floor field model [6, 7] and finer discrete model [8-10]. These models 
deepened our knowledge of pedestrian evacuation characteristics i.e., evacuation time, moving velocity, density, flow rate, 
and so on. These studies provided valuable information of the pedestrian behaviours during an evacuation and were helpful 
in designing safe evacuation facilities. Most of these models were built on the base of the daily observations. Thus 
reasonable movement algorithm and model have been adopted. These models reproduced typical pedestrian behaviours and 
captured more or less the microscopic and macroscopic characteristics of pedestrian movement during evacuation. As a 
result, it is believed that the observations, derived from either real life or experiments, are not only promotions, but also 
benchmarks for the evacuation modeling approach. Consequently, it is important and valuable to perform more experiments 
and collect movement parameters, which reflect the macroscopic and microscopic characteristics of pedestrian movement 
and also can validate the components of the theoretical models. 
Recently, researchers began to pay more and more attention to controlled evacuation experiments. Seyfried et al. [11] 
carried out experiments of single-file pedestrian flow and studied fundamental diagram of the single-file pedestrian flow. 
They pointed out that culture difference may affect the reaction time and self-space of pedestrians [12]. To further validate 
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the influence of the culture difference on pedestrian traffic, Liu et al. [13] followed the experimental procedure proposed by 
Seyfried et al. [11] and investigated the fundamental interaction between Asian pedestrians by using a new digital image 
processing method to extract pedestrian motion data. Seyfried et al. [14], Hoogendoorn and Daamen [15] studied actual 
pedestrian moving characteristics when passing bottlenecks. Hoogendoorn and Bovy [16] found the emergence of self-
organized pattern in vertical groups of moving pedestrians. Kretz et al. [17] studied pedestrian counterflow in a corridor by 
investigating the flow characteristics of pedestrian, including the velocity-density relation, fundamental diagram as well as 
lane formation. These self-organized pedestrian phenomena were pointed out to be induced by local pedestrian movement 
characteristics [18, 19]. 
Well-designed evacuation experiments could be very helpful for exploring the moving features and characteristics of 
human behaviours and to validate evacuation models. Schadschneider and Seyfried [20] proposed that the fundamental 
diagram could be used to validate cellular automata models. Helbing et al. [5] studied room evacuation by comparing 
experiments with lattice gas simulations. Zhang et al. [21] also studied a classroom evacuation scenario and pointed out that 
the update mode of lattice gas model should be modified to satisfy special phenomena near the exit such as monopolizing 
exit. Iosbe et al. [22, 23] carried out pedestrian experiments and simulations and found that the disoriented students exhibit a 
distinctly different behaviour in contrast to the situation in which people can see their environment. Fang et al. [10] 
analyzed the exit-selecting behaviours during a building evacuation and suggested a calibrated value of the drift force for 
the biased random walker model. Seyfried et al. [24] investigated single-file pedestrian movement using a modified one-
dimensional social force model and obtained simulation results in good agreement with the empirical fundamental diagram.  
In this paper, microscopic movement characteristics obtained from several control evacuation experiments are presented, 
and a continuous distance model (CDM) is introduced to reproduce typical phenomenon and characteristics of pedestrian 
movement. The remainder of this paper is organized as follows. In Section 2, the experiments are briefly reviewed for the 
consideration of completeness. Further experimental results are presented. In Section 3, simulations are carried out using the 
continuous distance model (CDM), and the comparison between experimental and simulation results is given. In the last 
Section 4, some conclusions are given for this work. 
2. Controlled experiment 
2.1. Single-file experiment  
Single-file experiment is usually used to investigate pedestrian-following behaviour and to extract fundamental data of 
movement. Single-file experiment focuses on the interaction among pedestrians, the relation between velocity and distance, 
the relation between velocity and step frequency, etc. 
2.1.1. Introduction of experimental scenario 
The experimental scenario of single-file pedestrian movement is a circular passageway (loop), as shown in Fig.1. The 
measurement area for extracting data is a narrow corridor with a certain length (L1) in the straight part (L2) of the loop, and 
the width of the measurement area (b1) that allows only one person to pass at a time to maintain the pedestrians’ following 
state without surpassing. The experiment can be described as the process of participants walking in the loop for a period of 
time and meanwhile the camera recording the pedestrian movement in the measurement area (During the experiment, the 
participant movement around the loop is recorded using a video camera). In the experiment, the lengths of the measurement 
area and the loop are deterministic, while the width of the bottleneck and the numbers of pedestrian in the loop are variables. 
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Fig. 1. Experimental scenario of single-file pedestrian movement. 
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2.1.2. Experiment execution 
According to the experimental scenario described above, two experiments that named ‘experiment a’ and ‘experiment b’, 
as shown in Fig. 2, were executed in two universities: the University of Science and Technology of China in Hefei and the 
Baoji University of Arts and Sciences in Shaanxi. The details of the two experiments are presented in Table 1. For the cycle 
with pedestrian number N=1, every pedestrian passed through the loop once alone. For the following numbers, the 
pedestrians were initially distributed uniformly in the loop, and then they were instructed to pass through measurement area 
three times after the command to go. For tracking each participant’s movement trajectory, the participants were told to wear 
red caps and walk through the bottleneck in the natural state. The camera above the measured area recorded the detail 
microscopic behaviour of each pedestrian passing through the measurement area. Notably, it is better to keep the angle of 
the camera vertical to the experimental ground, while if not, the results should be calibrated through mean-shift algorithm 
with practical reference point (as shown in Fig. 2, A, B, …C’ are reference points). The microscopic characteristics of 
pedestrian dynamics, including velocity, density, and lateral sway, as well as their interrelations can be obtained using the 
image processing method. 
(a)  (b)  
Fig. 2. Single-file pedestrian movement experiments conducted in (a) University of Science and Technology of China and (b) Baoji University of Arts and 
Sciences. 
Table 1. Information about two experiments with single-file pedestrian movement 
 Experiment a Experiment b 
Time August 2008 May 2010 
Place Hefei, China Baoji, China 
Participant College students College students 
Participant number 34 60 
Participant age 19 ~ 25 20 ~ 24 
Participants’ heights (m) , <mean> 1.60 ~ 1.85, <1.73> 1.50 ~ 1.85, <1.62> 
Length of measurement area L1 (m) 2 3.2 
Width of measurement area b1 (m) 0.8 0.6, 0.7 
Width of the curve b2 (m) 1.2 1.2 
The perimeter of the loop (m) 17.3 17.3 
The number of participants in the loop, N 1, 15, 20, 25, 30, 34 1, 10, 20, 30, 40, 50, 60 
Camera height (m) 14 15 
 
2.1.3. Experiment results 
The main results of the single-file experiment in this work include: velocity, lateral sway, the relation between step 
frequency and distance headway, and the relation between velocity and distance headway. These results will be described in 
detail in the following paragraphs. 
A. Velocity 
The position of each pedestrian over time can be extracted by image processing for calculating pedestrian velocity. Six 
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groups and eight groups of experiments with different pedestrian number were conducted in the two experiments 
respectively. Fig. 3 shows the velocities of the pedestrians of each group passing through the measurement area for the two 
experiments. It is found that the velocity fluctuates for each group of experiments and the mean value (shown in Table 2) 
decreases with the increasing pedestrian number. However, comparing the mean velocity of each group between the two 
experiments, it is found that the mean velocity in experiment b is obviously larger than in experiment a. Comparing the 
results from the conducted experiment with previous results presented by Seyfried [25], who carried out similar experiment 
in Germany, it is found that the results in this work to be distinctly larger. These results indicate that movement difference 
not only exist between different persons it also exist between different countries. According to actual experiment and 
population characteristics, we assume the difference may be caused by the body size difference (physiology) and the need of 
self-space difference (psychology) are two possible reasons: (1) in experiment a, the participants consist mostly of young 
males, while in experiment b, the participants consist mostly of young females who have a smaller body size than young 
males, which allows more flexibility in adjusting their speeds and maintain higher speeds even as their distance headway 
gets shorter; (2) in Seyfried’s experiment, the body size of the participants is obviously larger than the Chinese students that 
participated in the experiments and the general European are more possessive in self-space, thus, are more sensitive to their 
distance headway. More studies on different people from different culture are still required to verify these hypotheses. 
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Fig. 3. Velocity of each pedestrian for (a) Experiment a and (b) Experiment b. 
Table 2. Mean velocity of each group 
Group Pedestrian number Experiment a Experiment b Experiment of Seyfried 
1 1 1.72 1.41 1.24 
2 15 1.16 1.28 0.90 
3 20 0.91 1.06 0.56 
4 25 0.59 0.88 0.35 
5 30 0.39 0.67 0.23 
6 34 0.26  0.17 
7 40  0.27  
8 50  0.16  
9 60  0.07  
 
B. Lateral sway 
The lateral sway induced by people’s walk mechanism reflects the degree of pedestrians adjusting their pace and the 
posture of their bodies, i.e. mobility. Fig. 4 shows the trajectories of single pedestrian’s movement in the measurement area. 
It is clear that there are lateral sways when pedestrians are walking, and the lateral sways with N=30 are distinctly larger 
than that with N=1, This is because when the distance headway of a pedestrian is large enough, she/he can walk fast as well 
as freely and adjust her/his posture quickly, however, the smaller distance limit the forward speed of pedestrians and require 
them to adjust their speed through lateral sway. As shown in Fig. 4(b), the lateral sways appear periodically, and the 
semiperiod of the sway is actually caused by one pedestrian taking a step forward. Therefore, the lateral sways frequency fi,l 
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and the step frequency fi,s of a pedestrian can be obtained: 
, ,2 2 /i s i l if f T= =                                                                                   (1) 
here, iT  is the mean value of the time period of lateral sway in the trajectory of the pedestrian. 
However, the lateral sway in Fig. 4 (a) is difficult to distinguish, so as to get the step frequency, manual method can be 
adopted: 
, /i s i if N T= Δ                                                                                       (2) 
here, Ni and Ti respectively represent the step counts and time of a pedestrian passing through the measurement. 
The analysis of all experimental groups shows that the later sway frequency is about 2 Hz when the interference between 
pedestrians is very small and the velocity is large enough, while the later sway frequency would decrease as the pedestrian 
number N increases. The quantitative relation of step frequency versus space will be discussed in the next section. 
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Fig. 4. Pedestrian’s lateral sway for (a) N=1 and (b) N=30. 
C. Step frequency vs. distance headway 
The speed of the pedestrian i is determined by the length of each step li,s and the step frequency  fi,s. The step frequency is 
defined as the number of steps per second a pedestrian moves forward and the extraction method is described by Equation 
(1) and Equation (2). For the group with N=1, pedestrians moved freely, and it is measured that the mean value of step 
length li,s is about 0.85 m. However, for other groups, it is observed that as the pedestrian distance headway decreased, 
pedestrians had to move with smaller and smaller step length. 
To describe the relationship between the step frequency fi,s and the density, we plotted step frequency fi,s against the 
pedestrian distance headway di in Fig. 5. The distance headway di here in the present study is defined as the distance from 
one person’s fore chest to the back of the prior person. As shown in Fig. 5, the step frequency fi,s is an increasing function of 
di, furthermore, we carried out linear fit to the experimental results and obtained, 
, 0.714 1.385i s if d= +                                                                                 (3) 
As the mean step frequency is about 2 Hz when N=1, we can added a horizontal line in Fig. 5 to indicate the free walking 
step frequency. As a result the relationship between fi,s and di can be expressed using a piecewise function (the solid line in 
Fig. 5): 
,
 0.714 1.385            ( if  <0.9285)
  
 2                                ( if  0.9285)
i i
i s
i
d d
f
d
+
=
≥
                                                           (4) 
However, as what can also be observed in Fig. 5, the experimental results dispersive in the vertical direction and even 
some points are far from the fitted line. In contrast, within some regions in the horizontal direction, these points are 
centralized. According to this specific characteristic, we selected four non-overlapping intervals with equal width of d, i.e., 
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the interval 0.2 m<d<0.27 m, 0.33 m<d<0.4 m, 0.52 m<d<0.59 m and 0.7 m<d<0.77 m respectively and carried out 
descriptive statistics on the result points in each interval (Table 3). As shown in Table 3, although the mean values of 
empirical step frequency agree well with the results of Equation (4), the standard deviations cannot be ignored. Therefore, 
we considered that for a given value of d, the step frequency is not only a fixed value obtained from Equation (4) but in an 
interval based on Equation (4). Furthermore, the range of the interval should be comparable with the standard deviations 
presented in Table 3. Since all the four standard deviations are about 0.2 Hz, a modified equation that gives the better fit to 
the empirical data in Fig. 5 is as follows: 
,
 (0.714 1.385 0.2,  0.714 1.385 0.2)        (   0.9285)
  
 (2 0.2,  2 0.2)                                                   (   0.9285)
i i i
i s
i
d d if d
f
if d
+ − + + <
∈
− + ≥
                            (5) 
In Fig. 5, the area between the two dot lines represents the results of Equation (5) and is the last fit to the experiment data.  
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Fig. 5. Step frequency vs. distance headway. 
Table 3. Descriptive statistics on the points of step frequency when distance headway d is in different interval 
Interval of d (m) Number of points Mean (Hz) Results of Equation (10) (Hz) Standard deviation (Hz) 
0.20~0.27 45 1.06 0.99~1.09 0.198 
0.33~0.40 73 1.20 1.17~1.27 0.184 
0.52~0.59 63 1.34 1.43~1.53 0.214 
0.70~0.77 56 1.75 1.69~1.79 0.238 
 
D. Velocity vs. distance headway 
Based on the step length and the step frequency, we also obtained the data of velocity and distance headway. The 
velocity of each pedestrian and the corresponding distance headway are calculated at each second. The original data of 
velocity and distance headway are presented in Fig. 6, and in the figure, each blue circle represents a pedestrian. To describe 
the relation between the velocity and distance headway, we tried both linear fitting and nonlinear fitting of the data and the 
fitting results are as follows: 
Linear fitting: 1.46 0.0432y x= −                                                                                 (6) 
Nonlinear fitting: 0.7805 tanh(2.855 2.1498) 1.024y x= − +                                        (7) 
where, independent variable x represents the distance headway and dependent variable y represents the velocity. Fitting 
results show that the goodness of nonlinear fitting (0.9579) is better than that of linear fitting (0.8969), which implies that 
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the Equation (7) can describe the experiment data and the relation better. The accurate relation of velocity and distance 
headway can provide good reference for modelling pedestrian’s microscopic movement pattern. 
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Fig. 6. Curve fitting for the data of velocity vs. distance headway. 
2.2. Bottleneck experiment 
Bottleneck experiment is usually used to investigate pedestrian’s behaviour at bottleneck in the building. Common 
bottlenecks in the building include doors, exits, stairs, etc. Bottleneck studies focus on the pedestrian’s movement pattern 
and the flow characteristic, and relevant conclusions would be useful for improving evacuation capability of the bottleneck. 
2.2.1. Introduction of experimental scenario 
The experimental scenario of bottleneck consists of two areas: the measurement area and the holding area. As shown in 
Fig. 7, in the measurement area, a bottleneck in the form of a straight corridor with a certain width (l×b) is put up by solid 
barrier such as tables or solid boards. In addition, a camera system is fixed vertically above the bottleneck so as to record the 
entire measurement area. In the holding area, a rectangle boundary (LH×WH) is assigned to holding the participants. The 
experiment can be described as the process of participants passing through the bottleneck from the holding area. In the 
experiment, the length of the bottleneck and the size of the rectangle boundary are deterministic, while the width of the 
bottleneck and the numbers of the participants are variables. 
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Fig. 7. Experimental scenario of movement through bottleneck. 
2.2.2. Experiment execution 
According to the experimental scenario described above, two experiments that named ‘experiment c’ and ‘experiment d’, 
as shown in Fig. 8, were executed in two universities: the University of Science and Technology of China in Hefei and the 
Baoji University of Arts and Sciences in Shaanxi. The details of the two experiments are presented in Table 4. To keep the 
initial participant densities in front of the bottleneck equal for each run, all the participants were distributed uniformly in the 
holding area at the beginning of the experiment. For tracking each participant’s movement trajectory, the participants were 
told to wear red caps and walk through the bottleneck in the natural state. The camera above the measured area recorded the 
whole process of all participants passing through the bottleneck. The requirement of the angle of the camera is the same as 
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the single-file experiment. Both macroscopic quantities such as flux and microscopic quantities such as velocity, trajectory, 
pedestrian lane and time interval can be obtained by image processing method. 
(a)  (b)  
Fig. 8. Bottleneck experiments conducted in (a) University of Science and Technology of China and (b) Baoji University of Arts and Sciences. 
Table 4. Information about the two experiments with bottleneck 
 Experiment c Experiment d 
Time June 2009 May 2010 
Place Hefei, China Baoji, China 
Participant College students and staffs College students 
Participant number 62 60 
Participant age, <mean > 17 ~ 35, < 24 > 20 ~ 24, < 22.7 > 
Participants’ heights (m) <mean > 1.57 ~ 1.81, < 1.72 > 1.50 ~ 1.85, < 1.62 > 
Participants’ sex 13 females, 49 males 40 females, 20 males 
Bottleneck length l (m) 3.36 3.66 
Bottleneck width b (m) 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,  
1.1, 1.2, 1.3, 1.4 
0.5, 0.6, 0.7, 0.8, 0.9, 1.0,  
1.1, 1.2, 1.3, 1.4, 1.6, 1.8 
Holding area size (LH×WH) 4.5×3 4.5×3 
Camera height (m) 11 15 
Distance between two areas LWH (m) 3 3 
 
2.2.3. Experiment results 
The main results of the bottleneck experiment in this work include: flow and flow rate, lane formation. These results will 
be described in detail in the following paragraphs. 
A. Flow and flow rate  
The flow of the bottleneck in our work is defined as: 
/J N T= Δ Δ                                                                                    (8) 
Where NΔ is the number of a group of participants passing through the bottleneck and TΔ is the passing time of this 
group of participants, i.e., the time interval between the entrance time of the first person and the last person. In Fig. 9(a), the 
flow data obtained by different researchers [14, 26] shows that the flow has the same variation tendency, that is, the flow 
increases with increasing width of the bottleneck.  
The flow rate is defined as the flow unit time and width, thus it can be calculated through dividing the achieved flow by 
corresponding width of the bottleneck. In Fig. 9(b), the flow rates given by different researchers [14, 26] show that the flow 
rate fluctuates mainly in the range from 1.5 to 2.5 persons per second per meter. Although there is no accurate pattern of 
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flow rate with bottleneck width, however, both results of our experiments and Kretz’s experiment [26] reflect the same 
decreasing tendency when the width of bottleneck is less than 0.7 m. This is due to that the increase of flow is slower than 
the increase of width. When the width of bottleneck exceeds 0.7 m, the flow rate has a marked increase, due to the fact that 
the pedestrian flow changes from one lane to two lanes in the experiments and this allows two persons to pass through the 
corridor at the same time.  
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Fig. 9. Flow and flow rate at bottleneck vs. bottleneck width for (a) flow and (b) flow rate. 
B. Lane formation 
In order to explore the critical width of bottleneck for lane formation, the flow data were used to get the relative increase 
rate of flow with increasing bottleneck width by equation: 
1
( ) / 100%
i i ib b b
R f f f
+
= − ×                                                                        (9) 
where f  represents the flow, and ib  represents the width of the bottleneck. The results are presented in Table 5. It should 
be noted that no distinct regular pattern could be seen form the relative increase rate of flow of the two experiments, while 
the mean value of the relative increase rate of flow in the two experiments can give useful information. From the mean 
value column in Table 5, it is clear that three increase turning points exist: b4=0.8 m, b7=1.1 m, b10=1.4 m. According to the 
analysis in the last section, it is known that the flow has a marked increase when the pedestrian flow changes from one lane 
to two lanes, and conversely, the three increase turning points would most likely correspond to the critical bottleneck width 
for lane formation.  
Table 5. Relative increase rate of flow rate with increasing bottleneck width 
i Width bi (m) R (Experiment c) R (Experiment d) Mean R 
1 0.5 -- -- -- 
2 0.6 7.86% -15.22% -3.68% 
3 0.7 5.46% 7.53% 6.50% 
4 0.8 28.53% 12.72% 20.63% 
5 0.9 9.36% 25.50% 17.43% 
6 1.0 10.73% 9.15% 9.94% 
7 1.1 16.29% 7.60% 11.95% 
8 1.2 12.08% 0.67% 6.38% 
9 1.3 -3.21% 4.22% 0.51% 
10 1.4 13.16% 14.99% 14.08% 
 
To verify the critical width of bottleneck for lane formation, we investigated the trajectory and trajectory probability 
distribution to give intuitional explanation. The trajectory probability means the distribution of pedestrians’ lateral positions 
in the corridor. As shown in Fig. 10, we can reproduce all the pedestrian trajectories by the extracted pedestrian trajectories 
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and obtain the trajectory probability distribution in the corridor. In Fig. 10(a), when b=0.5 m the pedestrian trajectories 
concentrated in the middle of the corridor and there was one peak around y=0, i.e. the middle of the corridor. This indicates 
that one lane was formed in the corridor and the pedestrians passed the corridor one by one. In Fig. 10 (b), we cannot see if 
there were two lanes from the trajectory figure because that even if most of the pedestrians walked in the sides of the 
corridor, there were still some pedestrians passing the corridor in the middle. Consequently, the pedestrian lanes in the 
trajectory figure were not obvious. However the figure of probability distribution shows two peaks and this indicates two 
pedestrian lanes exist in the corridor, which indicates lane formation mainly in line with the probability distribution. 
Through the accurate movement trajectories and the trajectory probability, the number of lanes and each participant’s lane 
can be determined, as shown in Table 6. Combining the Fig. 10 and Table 6, it can be seen that only one lane exists when 
b=0.5 m<b4=0.8 m, two lanes appears when b=b4=0.8 m, three lanes exist when b=1.2 m>b7=1.1 m, and four lanes exist 
when b=1.6 m>b10=1.4 m. Obviously, the critical bottleneck widths for lane formation we proposed above are meaningful. 
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Fig. 10. Pedestrian trajectories and the probability distribution for (a) b=0.5 m, (b) b=0.8 m, (c) b=1.2 m, (d) b=1.6 m. 
Table 6. The number of lanes and the number of participants in each lane 
Bottleneck width (m) Number of lanes The first lane The second lane The third lane 
< 0.8 1 62   
0.8 2 33 29  
0.9 2 28 34  
1.0 2 32 30  
1.1 2 31 31  
1.2 3 23 15 24 
1.3 3 22 17 23 
1.4 3 22 19 21 
 
3. Model and Simulation 
3.1. CDM model 
Based on the observation and some typical characteristics of the experiment a, we have built a continuous distance model 
(CDM) for the single-file pedestrian movement [27]. In this model, it is assumed that pedestrian’s step length sl  is only one 
part of the distance headway d and the other part is reserved for self-space, as shown in Equation (10):  
2
2
2 22 2
1 2
22
1
1
                      when  ( )
                  when  ( ) ( )
                   when  ( )
free
free
free
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l d
P
lP Pl d d
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                                                  (10) 
3.2. Simulation for single-file movement 
For experiment a, the simulation result of single-file movement [27] agrees well with the experiment results when 
P1=0.79, P2=0.62, as shown in Fig. 11(a). 
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Fig. 11. Simulated flow in comparison with data of experiment for (a) Experiment a and (b) Experiment b (the length of passageway was set as the same as 
the experiments). 
In experiment b, all the participants came from the same class. Simulation by the CDM model [27] indicates that 
simulation result with P1=0.90, P2=0.62 agrees well with that of experiment b. According to the Equation (10), the 
parameter P1 determines pedestrian’s motion if the headway distance d is small while P2 determines the condition with little 
larger d. Comparison between simulation and the two experiments indicates that participants can have smaller self-space 
toward people that are familiar. 
3.3. Simulation for bottleneck movement 
The CDM model [27] is just for the single-file movement, i.e. one-dimensional motion. To simulate the two-dimensional 
motion process of participants passing through a bottleneck using the CDM model, the desired walking direction of 
pedestrians need to be determined first. Moussaïd et al. [28] proposed a heuristic approach based on the visual information, 
which determine the desired walking directions. With this method, their model can predict individual trajectories and 
collective patterns of motion in good quantitative agreement with a large variety of empirical and experimental data. 
Therefore, in this paper, the same method of determining the desired walking directions as in Ref. [28] is added into the 
CDM model. And then the process of participants passing through a bottleneck with different widths is reproduced using the 
modified CDM model, as shown in Fig. 12.  
According to the Equation (8), the CDM model could also predict the flow of the bottleneck, and the simulation result 
with P1=0.50, P2=0.62 agrees well with the empirical data given by different researchers, as shown in Fig. 13. In the process 
of passing through the bottleneck, participants need to keep distance to both others and obstacles around, so the available 
space is uncomfortably confined, in this environment a much smaller P1 is preferable for the CDM model.  
In the model, could pedestrian’s trajectories be recorded and the probability distribution could also be calculated. As 
shown in Fig. 14, for the four different scenarios with bottleneck width of 0.5 m, 0.8 m, 1.2 m respectively 1.6 m, the 
figures of probability distribution predicted by the CDM model show the same number of peaks in comparison to the 
experimental results presented in Fig. 10.  
 
Fig. 12. CDM model for the process of participants passing through a bottleneck. 
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Fig. 13. Flow at bottleneck vs. bottleneck width obtained from experiments and simulation. 
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Fig. 14. Probability distribution of pedestrian trajectory predicted by the CDM model for (a) b=0.5 m, (b) b=0.8 m, (c) b=1.2 m, (d) b=1.6 m. 
4. Conclusions 
In this paper, the method and technology for executing and analyzing two crucial controlled experiments, single-file 
experiment and bottleneck experiment, have been reviewed in detail. Two single-file experiments and two bottleneck 
experiments had been carried out at different places for investigating the characteristics of pedestrian movement. 
Experiment results as velocity, lateral sway, step frequency, flow, lane formation, as well as the influence of distance 
headway have been analyzed. In order to modelling pedestrians movement, a continuous distance model (CDM) based on 
the experimental observation and some typical characteristics of the single-file experiments was presented and  improved 
into two-dimensional one by introducing the desired walking direction. The advantage of the model is its close connection 
to the experimental results, so that the model can be improved easily in the future. The main findings are as follows: 
(1) Difference exists between experiments with different participants. Although the experimental results were consistent 
with each other approximately, physical body size and the self-space habit may influence movement behaviours. For 
example, European people may be more possessive in self-space than Chinese people, and young males are more possessive 
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in self-space than young females.  These differences should be considered when study pedestrian movement characteristics. 
(2) Lateral sway exists as pedestrian adjust their pace and posture of bodies. The frequency of the lateral sway is about 2 
Hz when the interference between pedestrians is very small and it decreases as the pedestrian density increases. The 
experimental results imply that the latitude of lateral sway increases with decreasing walking velocity. That means in a 
dense crowd, the size occupied by a pedestrian increases, so as to worsen the evacuation condition.  
 (3) Lane formation would appear when pedestrian passing a bottleneck and the number of lanes will increase as the 
width of the bottleneck exceeds some critical values. The relation between pedestrian flow and bottleneck with would be 
more complex than what we usually considered and should be studied in detail. The experimental results indicate that there 
is a flow growth pattern when lane formation appears: the flow will have a marked increase when the number of lanes adds, 
while after that it will decrease when the number of lanes remains unchanged. The critical widths for lane formation 
appeared in our experiments are: b=0.8 m for one lane, b=1.1 m for two lanes, and b=1.4 m for three lanes. 
(4) The CDM and its improved version are good at describe the single-file movement and bottleneck movement. 
Pedestrian’s movement mechanism is rather complicated, to understand and modelling pedestrian’s behaviour, more 
characteristic data of the pedestrian are needed and more controlled experiments, such as passage experiment, stair 
experiment, merging experiment and evacuation experiment should be conducted with different participants under different 
cultures.  
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